Synthesis of 2=-5=-oligoadenylates (2-5A) by oligoadenylate synthetase (OAS) is an important innate cellular response that limits viral replication by activating the latent cellular RNase, RNase L, to degrade single-stranded RNA. Some rotaviruses and coronaviruses antagonize the OAS/RNase L pathway through the activity of an encoded 2H phosphoesterase domain that cleaves 2-5A. These viral 2H phosphoesterases are phylogenetically related to the cellular A kinase anchoring protein 7 (AKAP7) and share a core structure and an active site that contains two well-defined H⌽(S/T)⌽ (where ⌽ is a hydrophobic residue) motifs, but their mechanism of substrate binding is unknown. Here, we report the structures of a viral 2H phosphoesterase, the C-terminal domain (CTD) of the group A rotavirus (RVA) VP3 protein, both alone and in complex with 2-5A. The domain forms a compact fold, with a concave ␤-sheet that contains the catalytic cleft, but it lacks two ␣-helical regions and two ␤-strands observed in AKAP7 and other 2H phosphoesterases. The cocrystal structure shows significant conformational changes in the R loop upon ligand binding. Bioinformatics and biochemical analyses reveal that conserved residues and residues required for catalytic activity and substrate binding comprise the catalytic motifs and a region on one side of the binding cleft. We demonstrate that the VP3 CTD of group B rotavirus, but not that of group G, cleaves 2-5A. These findings suggest that the VP3 CTD is a streamlined version of a 2H phosphoesterase with a ligand-binding mechanism that is shared among 2H phosphodiesterases that cleave 2-5A.
O
ne of the earliest steps in the battle between a virus and its host is the detection of pathogen-associated molecular patterns by cellular sensors. For RNA viruses, these patterns may be found in RNA products synthesized during viral transcription and replication. A number of cytoplasmic cellular molecules have been described that sense foreign RNA and respond by triggering innate pathways, resulting in the production of type I interferons (IFNs) (reviewed in references 1 and 2). Oligoadenylate synthetases (OASs) are cytoplasmic sensors that, upon binding of double-stranded RNA (dsRNA), synthesize 2=-5=-oligoadenylates (2-5As), which are the signaling molecules that activate the latent RNase (RNase L) (reviewed in references 3 to 5). Activated RNase L cleaves viral and cellular single-stranded RNA, inducing autophagy and apoptosis and limiting viral replication. In some cell types, the small RNAs produced by RNase L cleavage are sensed by retinoic acid-inducible gene I (RIG-I)-like receptors, amplify IFN production, and thereby upregulate expression of OAS and hundreds of other genes that contribute to the establishment of an antiviral state. RNA viruses have evolved a variety of mechanisms to evade and antagonize this important antiviral pathway (reviewed in references 4 and 5). One such mechanism, which has been demonstrated by group A rotaviruses (RVA) and group 2 betacoronaviruses, is cleavage of 2-5A by a virus-encoded phosphodiesterase (PDE) (6, 7) .
Rotaviruses are major causes of gastroenteritis in humans and animals (8) . Of the eight proposed rotavirus species (RVA to RVH), RVA is responsible for the deaths of more than 450,000 infants and young children annually (9, 10) . Segment 3 of the RVA dsRNA genome encodes VP3, an 835-amino-acid minor virion component, and is linked to virulence in animal models of infection (8, (11) (12) (13) . While the N-terminal ϳ690 amino acids of RVA VP3 have mRNA capping functions, the C-terminal ϳ150 amino acids possess 2=,5=-PDE activity that cleaves 2-5A (6, 14) . This VP3 C-terminal domain (CTD) is predicted to be structurally homologous to members of the 2H phosphoesterase superfamily (6, 14, 15) . The VP3 CTD, which also is predicted to be present in RVB and RVG strains, may contribute to the virulence and success of the RVA species (6, 14) . The biological potential of the RVA VP3 CTD has been underscored by studies in which this domain complemented viral growth and pathogenesis in mice infected with recombinant mouse hepatitis virus (MHV) encoding a defective form of the virulence determinant ns2 (6) .
2H phosphoesterase superfamily members hydrolyze phosphoester linkages through a mechanism involving two highly conserved active-site H⌽(S/T)⌽ motifs, where ⌽ is a hydrophobic amino acid (15, 16) . While the histidines in the catalytic motifs are proposed to contribute directly to catalysis, the conserved serines/ threonines are thought to stabilize substrate in the binding cleft (17) . Phylogenetically, the RVA VP3 CTD, coronavirus ns2, torovirus putative nsp9, and cellular A kinase anchoring protein 7 (AKAP7) belong to the eukaryotic-viral LigT-like family (group II) (15) . The RVA VP3 CTD, MHV ns2, and AKAP7 all possess 2=,5=-PDE activity, for which the histidines in the two H⌽(S/T)⌽ motifs are required (6, 18, 19) . Although the structure of a cellular AKAP7 has been characterized (20) , the structures of viral PDEs have been narrowly studied.
Here, we present the crystal structures of the viral 2H PDE encoded by RVA VP3 alone and in complex with a 2-5A substrate. The domain forms a concave antiparallel ␤-sheet that contains the catalytic cleft. The structure is similar to that of cellular AKAP7 but lacks two ␤-strands and two interspersed ␣-helices, suggesting a revision of the minimal core structure required for PDE activity. The structure of RVA VP3 CTD in complex with 2-5A reveals the residues involved in substrate recognition and catalysis, which are further validated by using mutational and enzymatic analysis. We found that, like the RVA VP3 CTD, the RVB VP3 CTD, but not the RVG VP3 CTD, is a functional PDE that cleaves 2-5A. Our studies provide a structural platform for further dissection of the biology of rotaviruses and other RNA viruses that antagonize the OASRNase L pathway.
MATERIALS AND METHODS
Cloning of rotavirus VP3 CTDs into pLIC1HMN and pLIC1HM. A codon-optimized gene encoding RVA RRV VP3 (GenBank accession number KJ869109) or the RVA VP3 CTD R792A mutant and genes encoding RVB Bang117 VP3 (GenBank GU391303) and the CTD (amino acids 652 to 768) of RVG 03V0567 VP3 (GenBank JQ920005) were synthesized by Genscript (Piscataway, NJ). pLIC1HM was generated by modifying pET-42a(ϩ) (Novagen, Darmstadt, Germany) to introduce a His 6 tag, the malE gene (encoding maltose binding protein [MBP] ), a tobacco etch virus (TEV) protease cleavage site, and a ligation-independent cloning site in place of the glutathione S-transferase (GST) tag and multiple cloning site located between the T7 promoter and T7 terminator. pLIC1HMN was generated by introducing an Asn 10 linker between the MBP-encoding and TEV protease cleavage site-encoding sequences of pLIC1HM. Sequences encoding the RVA (amino acids 694 to 835), RVB (amino acids 648 to 763), and RVG VP3 CTDs or MHV ns2 were amplified by PCR and inserted into plasmid pLIC1HMN (RVA) or pLIC1HM (RVB, RVG, and RVA R792A) by ligation-independent cloning. Point mutations in RVA VP3 CTD pLIC1HMN, RVB VP3 CTD pLIC1HM, and RVG VP3 CTD pLIC1HM were engineered using round-the-horn PCR.
Expression and purification of VP3 CTDs. For large-scale purification, recombinant protein expression was induced in Escherichia coli strain BL21(DE3)/pLysS (Life Technologies, Carlsbad, CA) transformed with RVA VP3 CTD pLIC1HMN at 20°C overnight at an optical density at 600 nm (OD 600 ) of 0.6 to 0.8 with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). The recombinant N-terminal His 6 -MBP-tagged RVA VP3 CTD was purified using Ni-nitrilotriacetic acid (NTA) agarose (Qiagen, Venlo, Netherlands). TEV protease cleavage, followed by incubation with Ni-NTA agarose, was used to remove the His 6 -MBP tag, His 6 -TEV, and uncleaved protein. Cleavage left Ser-Gly at the N terminus of the RVA VP3 CTD, which was concentrated and further purified by size exclusion chromatography on a Superdex-75 column (GE Healthcare, Little Chalfont, United Kingdom) in 10 mM HEPES, pH 7.2, 100 mM NaCl, and 1 mM dithiothreitol (DTT). The concentration of the purified RVA VP3 CTD was determined by the A 280 , using a molar extinction coefficient of 12,800 M Ϫ1 cm Ϫ1 , calculated using Vector NTI, version 11, software (Invitrogen, Carlsbad, CA). Selenomethionine-substituted VP3 CTD was expressed in B834 (DE3) (Novagen, Darmstadt, Germany) using an Overnight Express Autoinduction System 2 (EMD Millipore, Billerica, MA) and purified as the native protein. For small-scale purification, expression of His 6 -MBP and His 6 -MBP-VP3 CTD fusion proteins was induced in BL21(DE3)/pLysS transformed with empty vector, RVA VP3 CTD pLIC1HMN, RVB VP3 CTD pLIC1HM, RVG VP3 CTD pLIC1HM, or mutants thereof at 18°C overnight at an OD 600 of 0.6 to 0.8 with 1 mM IPTG. The recombinant His 6 -MBP-tagged proteins were affinity purified using Ni-NTA agarose and dialyzed against 20 mM Tris, pH 7.4, and 150 mM NaCl. Concentrations were estimated based on absorbance, using a conversion of 1 A 280 unit as 1 mg/ml.
Synthesis and purification of 2-5A (p3A2). 2-5A was synthesized as described previously (21, 22) . The unfractionated 2-5A mixture was clarified by centrifugation at 3,000 ϫ g for 15 min and then separated from macromolecules with a Centriprep (molecular mass cutoff of 3,000 Da [Millipore, Billerica, MA]). The reaction mixture was analyzed on a Dionex PA100 (4 mm by 250 mm) analytical column (Dionex Inc., Sunnyvale, CA) interfaced with a System Gold High-Performance Liquid Chromatograph (HPLC; Beckman-Coulter, Pasadena, CA) under the control of the 32-Karat work station software. A (2=-5=)p3A2 (a 5= triphosphate and two adenylyl residues connected by a 2=-5= linkage) construct was purified from the 2-5A mixture by HPLC on a Dionex PA100 (22 mm by 250 mm) preparative column with a gradient of 10 mM to 800 mM NH 4 HCO 3 -(NH 4 ) 2 CO 3 , pH 8.0. The peak fractions were collected and lyophilized twice after being dissolved in diethyl pyrocarbonate (DEPC)-treated water. The characterization of (2=-5=)p3A2 (Ͼ95% purity) was done by analytical HPLC and electrospray mass spectrometry (ES-MS) by direct infusion in negative ion mode on a Micromass Quattro Ultima mass spectrometer. The molecular ions were observed at M (Ϫ1) 835 Da and M (Ϫ2) 417 Da. Crystallization. Crystallization screens for the RVA VP3 CTD at concentrations of 10.4 mg/ml were carried out by hanging-drop vapor diffusion using a Mosquito crystallization robot (TTP LabTech, Melbourn, United Kingdom) and visualized using Rock Imager (Formulatrix) at 20°C. Native RVA VP3 CTD was crystallized under a condition with 14% polyethylene glycol (PEG) 3350, 0.2 M sodium malonate, pH 4, and 1 M NaI. Selenomethionine-substituted RVA VP3 CTD was crystallized under a condition with 21% PEG 3350 and 0.2 M sodium malonate, pH 5. The RVA VP3 CTD and 2-5A substrate were cocrystallized under a condition with 0.1 M HEPES sodium, pH 7.5, 2% (vol/vol) polyethylene glycol 400, and 2.0 M ammonium sulfate at 4°C.
Data collection and processing. Crystals of the RVA VP3 CTD were cryoprotected by being soaked in crystallization buffer with 20% ethylene glycol and flash frozen in liquid nitrogen, and then they shipped to the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. Diffraction data were collected on the 5.0.1 beamline, processed with IMOSFLM, scaled, and merged in SCALA, as implemented in the CCP4 suite (23) . Space groups were confirmed using POINTLESS (24) ( Table  1 ). Phases and initial electron density maps were calculated by SAD phasing using SHELX (25) , and automated model building with experimental phases was performed using ARP/wARP (26) before iterative cycles of manual model building and refinement using COOT (27) and PHENIX (28) . The structure of the VP3 CTD in complex with 2-5A was determined by molecular replacement using Phaser (29) . Ligand interactions were analyzed using COOT and LIGPLOT (30) with donor-to-acceptor distances between 2.6 Å and 3.2 Å for H-bonding interactions and C-C distances between 3.4 Å and 4.5 Å for hydrophobic interactions. Structural figures were generated using the University of California-San Francisco (UCSF) Chimera program (31) .
FRET-based assay of 2-5A cleavage. Purified proteins (10 M MBP or 1 M MBP-VP3 CTD or mutants thereof) were diluted into assay buffer (20 mM HEPES, pH 7.2, 10 mM MgCl 2 , 1 mM dithiothreitol) and incubated at 30°C with 10 M (2=-5=)p3A3 for the time indicated in Fig. 6 . Reactions were stopped by heat inactivation at 95°C for 3 min. Residual (2=-5=)p3A3 was measured using a fluorescence resonance energy transfer (FRET)-based RNase L activity assay (32) . Assays were performed in triplicate. Replicate values were analyzed in comparison to MBP and to MBP-RVA VP3 CTD using two-way analysis of variance (ANOVA) in GraphPad Prism, version 6.0.
Molecular modeling.
Homology models of the RVB CAL-1 VP3 CTD amino acids 649 to 763 (GenBank ACD39823) and RVG 03V0567 VP3 amino acids 653 to 768 (GenBank JQ920005) were generated using Modeller (33) in Chimera, with the coordinates of the RVA VP3 CTD as the template.
Protein structure accession numbers. Coordinates for the RVA VP3 CTD alone and in complex with 2-5A have been deposited in the Protein Data Bank (PDB) under accession numbers 4RPT and 4YE2.
RESULTS
Crystal structure of the RVA VP3 CTD. To investigate the structural basis for viral 2=,5=-PDE activity, the RVA VP3 CTD (residues 694 to 835) of simian strain RRV was cloned and expressed in E. coli. The VP3 CTD crystallized in the P2 1 space group, with two molecules in the asymmetric unit, and diffracted to 1.35-Å resolution. The VP3 CTD structure exhibits an ␣/␤-fold with three ␣-helices (␣1 to ␣3) and seven ␤-strands (␤1 to ␤7), which form an antiparallel, concave, twisted ␤-sheet ( Fig. 1A and 2C ). This finding is consistent with a recently reported structure for the VP3 CTD of another simian RVA (strain SA11) (34) . The two H⌽(S/ T)⌽ motifs, consisting of H718, L719, T720, and F721 from the ␤2-strand and H797, I798, T799, and L800 from the ␤5-strand, are located adjacent to one another at the base of the catalytic cleft. The electrostatic potential of the groove is predominantly positive, establishing a structural platform for binding to the negatively charged 2-5A substrate (Fig. 1B) . In the crystal structure, a well-ordered, hydrophilic ethylene glycol is bound at the center of the catalytic site in each VP3 CTD molecule in the asymmetric unit. Although the disposition of the vicinal oxygen atoms of the ethylene glycol is slightly different in each monomer, these oxygen atoms engage in H-bonding interactions involving the histidine and threonine residues from the H⌽(S/T)⌽ motifs. Except for minor changes in the flexible N-terminal loop, the two RVA VP3 CTD molecules in the asymmetric unit exhibit identical structural features.
H⌽(S/T)⌽ motifs and substrate binding.
To gain structural insight into the mechanism of 2-5A recognition for VP3, we carried out extensive cocrystallization and soaking experiments with AMP, a nonhydrolyzable 2-5A analog, and a 2-5A substrate (p3A2) that was synthesized in-house and contains a 5= triphosphate and two adenosines connected by a 2=-5= linkage. The VP3 CTD was cocrystallized with 2-5A at 4°C in the P4 3 2 1 2 space group with two molecules in the asymmetric unit and yielded clear density corresponding to the 5= monophosphate and adenosine and to the 5= monophosphate of the 2= adenosine at the catalytic cleft in one of the two molecules (Fig. 3A) . However, the electron densities for the sugar and base moieties of the second adenosine were absent, suggesting that the second base was not stabilized by any specific interactions with VP3 CTD. Based on LIGPLOT analysis, the 5= monophosphate of the 5= adenosine in 2-5A interacts with the residues T720, H797, and T799 of the H⌽(S/T)⌽ motifs via hydrogen bonds (Fig. 3B and 4) . H718 further stabilizes the ligand through hydrophobic interactions. In addition, residues L758, I762, and I795 form hydrophobic interactions with the sugar and base moieties of 2-5A. Of note, R792 of the flexible loop adjacent to the catalytic site undergoes significant structural changes, resulting in formation of a cation-interaction with the adenine base of the substrate. The simulated omit density map clearly shows density at the 2= phosphate that connects the two adenosines by a 2=-5= linkage. The side chain of R792 also forms a hydrogen bond with the 2= phosphate, suggesting that this moiety is important for positioning the 2-5A substrate in the catalytic cleft (Fig. 3C) .
Structural homologs of the VP3 CTD. A DALI search identified the AKAP7 central domain (PDB code 2VFK; Z ϭ 12.5) (Fig.  5A ) and the 2=-5= RNA ligase from Thermus thermophilus (PDB code 1IUH; Z ϭ 12.4) as the closest structural homologs of the RVA VP3 CTD, with root mean square (RMS) deviations of 3.0 Å and 2.7 Å, respectively, for the matching C␣ atoms. Superposition of the VP3 CTD structure with that of AKAP7 showed that the H⌽(S/T)⌽ motifs are structurally conserved and revealed three significant differences (Fig. 5B) . First, while the region that corresponds to residues 706 to 717 in the VP3 CTD structure is predominantly a loop, in both AKAP7 and 2=-5= RNA ligase structures, this region is longer and contains a well-defined ␣-helix ( Fig. 2 and 5B and C). Second, while the bacterial 2=-5= RNA ligase and AKAP7 form well-defined ␤-strands in the corresponding region, RVA VP3 CTD residues 750 to 753 do not. Third, the region between residues 803 and 816 is a loop in the VP3 CTD structure, but in the other two structures, the corresponding region is significantly longer and contains an ␣-helix and a ␤-strand.
Another interesting difference between the RVA VP3 CTD and its homolog AKAP7 relates to the conformation of a loop near the catalytic cleft. In the AKAP7 structure, R219 in the R loop is involved in a cation-interaction with the adenine base of AMP (Fig. 5C) (20) . The R-loop arginine is highly conserved among 2H phosphoesterases that cleave 2-5A. The conformation of the R loop and the orientation of the R219 side chain do not appear to change between the apo and AMP-bound forms of AKAP7 (20) . In contrast, the R loop and the structurally equivalent arginine in the RVA VP3 CTD, R792, undergo a significant conformational change upon binding to 2-5A (Fig. 3C) . In comparison to its location in the apo RVA VP3 CTD structure, the R792 side chain in the CTD/2-5A complex has moved by ϳ4Å and reoriented to form a cation-interaction with the adenine base. Other residues of the RVA VP3 CTD R loop, M793 and F794, shifted 3.2 Å and 4.14 Å, respectively. Of note, the oxygen atom of M793 would provide steric hindrance for the base moiety of the 5= adenosine in the apo structure. Upon VP3 CTD binding to the 2-5A substrate, M793 moves away from the catalytic cleft. In addition, F179 in AKAP7, which is involved in a -stacking interaction with the adenine base of AMP, is replaced by L758 in the VP3 CTD structure, which also provides this stabilizing interaction (Fig. 5C to E) . These observations suggest that although there are some amino acid sequence changes in the VP3 CTD, it uses the same catalytic motifs for hydrolyzing the 2-5A substrate and similar interactions to stabilize substrate in the catalytic cleft. However, the RVA VP3 CTD introduces significant conformational changes in the R loop upon substrate binding.
Mutational analysis of substrate-binding residues by the RVA VP3 CTD. To quantify contributions of RVA VP3 amino acids that interact with 2-5A, we purified the CTD and point mutants thereof as N-terminal maltose-binding protein (MBP) fusions and measured their 2-5A degradation activity. Purified proteins were incubated with 2-5A. Then, 2-5A degradation over time was quantified using a fluorescence resonance energy transfer (FRET)-based assay of RNase L activation (Fig. 6A) (32) . The RVA VP3 CTD cleaved 2-5A with similar kinetics and efficiency to MHV ns2, suggesting that the crystallized domain is catalytically active. As expected, H⌽(S/T)⌽ mutants H718A and H797A were inactive. While both L758A and L758F substitutions significantly diminished RVA VP3 CTD 2=,5=-PDE activity, the L758A substitution was the more detrimental of the two changes (Fig. 6A) . As a case in point, the L758A mutant exhibited activity indistinguishable from that of MBP following 5 or 15 min of incubation with 2-5A, whereas the activity of the L758F mutant was significantly different from that of MBP following any length of incubation with 2-5A. The side chain of R792 forms H bonds and a cationinteraction with substrate in the VP3 CTD/2-5A structure ( Fig. 3  and 4) . Surprisingly, replacing R792 with either isoleucine or alanine had a moderate effect, resulting in approximately half the level of activity at most time points (Fig. 6A) .
2=,5=-PDE activity of VP3 CTDs from divergent rotavirus species. To determine whether RVB (strain Bang117) and RVG (strain 03V0567) VP3 CTDs are functional 2=,5=-PDEs, we expressed and purified these domains and quantified their 2-5A cleavage activities. The RVB VP3 CTD was less active than the RVA VP3 CTD and exhibited delayed kinetics (Fig. 6B ). In contrast, the RVG VP3 CTD demonstrated no significant activity at any point in the assay. As expected, mutation of the conserved histidine in the second H⌽(S/T)⌽ motif (H736A) ablated activity for the RVB VP3 CTD.
Modeling RVB and RVG CTD structures. The VP3 CTDs of RVB and RVG, respectively, exhibit only 17.2% and 19.1% sequence identity with the CTD of RVA and are each ϳ25 amino acids shorter (Fig. 7A) . To predict structural differences among VP3 CTDs from different rotavirus species, we generated homology models for RVB and RVG VP3 CTDs using Modeller (Fig. 7B  and C) (33) . The homology models show a very similar disposition of the catalytic H⌽(S/T)⌽ motifs (and H⌽N⌽ for RVG). However, there are noticeable differences in comparison to the RVA VP3 CTD: the loop between the ␤1-and ␤2-strands is nine amino acids shorter, the length of the ␣1-helix is reduced by six amino acids, and the ␤7 -sheet is absent in the modeled structures (Fig. 7) . Coupled with 2-5A cleavage assays (Fig. 6B) , the models suggest that these three regions of the VP3 CTD are dispensable for activity, at least in the case of RVB.
Catalytic motif requirements for 2=,5=-PDE activity. RVG VP3 sequences aligning with the second predicted H⌽(S/T)⌽ motif are H⌽N⌽ and H⌽R⌽ (Fig. 7A) (35) . To determine the effects of these catalytic-site alterations on PDE activity, we replaced the threonine in the second H⌽(S/T)⌽ motif of RVA VP3 CTD (T799) with asparagine or arginine. We also engineered the corresponding N742T mutation in RVG VP3 PDE, changing H⌽N⌽ to H⌽T⌽. The 2-5A degradation capacities of mutant VP3 CTDs over time were quantified using a FRET-based assay (Fig. 6B) . Replacing threonine in the second H⌽(S/T)⌽ motif with either asparagine or arginine significantly decreased RVA VP3 CTD 2=,5=-PDE activity, with essentially no activity observed for the arginine substitution mutant. Nonetheless, an N742T mutation was unable to confer efficient 2=,5=-PDE activity on the RVG VP3 CTD.
Identification of amino acids conserved among 2H PDEs that cleave 2-5A. To identify amino acids conserved among 2H PDEs that cleave or are predicted to cleave 2-5A, we aligned sequences from a variety of RVA and RVB VP3 CTDs, torovirus putative nsp9 proteins, coronavirus ns2 proteins, and AKAP7 proteins (Fig. 8). We then mapped the level of conservation among the aligned proteins onto the structure of the RVA VP3 CTD/2-5A complex (Fig. 9) . The most highly conserved amino acids mapped to (i) the first half of the ␤1-strand and the loop that precedes it, (ii) the ␤2-and ␤5-strands, which each contain an H⌽(S/T)⌽ motif, and (iii) the loop preceding the ␤5-strand (Fig. 8) . In the three-dimensional structure, these conserved residues cluster in the catalytic motifs and an adjacent region along one side of the cleft, forming a putative substrate recognition platform (Fig. 9) . Only five amino acids were identical for all sequences in the alignment: P697, H718, R792, H797, and T799 ( Fig. 8 and 9 ). In addition to the catalytic motif histidines and threonine, these exceptionally well-conserved residues include the R-loop arginine, which stacks with the substrate adenine base, and a structurally adjacent proline, which may be involved in maintaining local protein conformation or in substrate recognition.
DISCUSSION
Successful viral replication depends on the capacity to evade intrinsic cellular antiviral defenses. 2H phosphoesterases are found in eukaryotes, bacteria, archaea, and DNA and RNA viruses and mediate a variety of functions via cleavage of nucleoside-containing substrates (15) . Evasion of antiviral effects of the OAS/RNase L pathway through degradation of 2-5A by a 2H phosphoesterase is a strategy employed by at least two distinct RNA viruses, rotaviruses and coronaviruses (6, 7) . Based on a close phylogenetic relationship with rotavirus, coronavirus, and torovirus 2H 2=,5=-PDE domains, AKAP7 or a related cellular 2H phosphoesterase is thought to have been acquired by these RNA viruses through recombination (15, 18) . The high-resolution structure of the RVA VP3 CTD presented herein together with that recently reported for another RVA VP3 CTD (34) further support this idea, based on structural homology with AKAP7, and suggests that after the domain was usurped, it was streamlined, likely to accommodate the relatively small genomic space of a virus.
The streamlined nature of the RVA VP3 CTD and its efficient enzymatic activity suggest a new minimal core topology for 2H phosphoesterases. Two ␣-helical regions and the ␤-strands that follow ␣2 and ␣4 in AKAP7 and in the consensus 2H phosphoesterase structure are replaced by simple loops in the RVA VP3 CTD, without obvious impact on enzymatic activity levels (Fig. 2 , 5B, and 6). Considering the 2=,5=-PDE activity and predicted structure of the RVB VP3 CTD (Fig. 2D and 6B, and 7) , an even more minimal structure than that reported here may form the 2H phosphoesterase core. Based on sequence alignment (Fig. 8) , coronavirus ns2 and torovirus nsp9 may have an overall topology more similar to that of AKAP7 than to that of the RVA VP3 CTD, perhaps with a longer ␣2-helix and a shorter ␣3-helix. Broadening the constraints on predicted topology may permit future identification of novel 2H phosphoesterase superfamily members.
Structures of the RVA VP3 CTD have implications for the mechanisms of 2=,5=-PDE substrate binding and catalysis. The location of the two H⌽(S/T)⌽ motifs and the predominantly electropositive potential of the groove formed by the ␤-sheet in the RVA VP3 CTD identify it as the substrate-binding cleft (Fig. 1) . In the VP3 CTD/2-5A cocrystal structure, the H⌽(S/T)⌽ motif histidines (H718 and H797) and threonines (T720 and T799) interact with bound 2-5A ( Fig. 3 and 4) . The lack of activity observed for the RVA VP3 CTD H718A and H797A mutants (Fig. 6A) is consistent with an essential role for these residues in catalysis and with previous observations (6, 14) . The reduced enzymatic activity of the RVA VP3 CTD T799N mutant and the ablated activity of the T799R mutant (Fig. 6B ) support the proposed role of H⌽(S/ T)⌽ threonines in substrate stabilization. While asparagine may permit substrate binding, the length of the arginine side chain likely would result in clashes with bound 2-5A. The localization of amino acids conserved among 2H phosphoesterases that cleave 2-5A in the base and one side of the binding cleft ( Fig. 8 and 9 ) implies a functional role for these residues in substrate recognition and/or molecular orientation. Bound 2-5A contacts several of the amino acids that are highly conserved among these 2H phosphoesterases, including four (H718, R792, H797, and T799) of the five residues that are absolutely conserved (Fig. 3B, 4, 8, and 9) .
The RVA VP3 CTD and AKAP7 appear to engage substrate similarly, but movement of the R loop upon substrate binding is observed only for the RVA VP3 CTD. In the AKAP7/AMP structure, the adenine base is held in position by two strong interactions, a -stacking with phenylalanine and a cation-interaction with the R-loop arginine (Fig. 5E) (20) . The phenylalanine in AKAP7 is replaced by leucine in the RVA VP3 CTD, which would preclude a strong stacking interaction with the base (Fig. 5D) . However, steric stacking or hydrophobic stabilization by leucine appears to be sufficient for comparable cleavage activity as the activity levels of the RVA VP3 CTD and MHV ns2 were indistinguishable in our assay (Fig. 6A) , and MHV A59 ns2 and the strain WA VP3 CTD previously have been shown to have activity similar to that of AKAP7 (6, 18, 19) . In the structure of the complex with 2-5A, RVA VP3 CTD L758 interacts hydrophobically with an adenine base of the bound ligand ( Fig. 3B and 4) . Consistent with this structural observation, replacing L758 with alanine, which likely would not stabilize adenine, was more detrimental to 2=-5=-PDE activity than substitution with phenylalanine, which likely would form a -stack similar to that observed for AKAP7 with bound AMP (Fig. 6A) (20) . In the apo VP3 CTD crystal structure, the R loop and R792 exhibit significantly different positioning and side chain orientation than those of apo AKAP7. This is also true for the apo VP3 CTD structure of RVA strain SA11 (34) . To engage the base of the 5= adenosine and the phosphate moieties of the second adenosine, this loop changes conformation and moves toward the substrate and catalytic site by several angstroms (Fig.  3C ). In the structure of the RVA VP3 CTD/2-5A complex, R792 forms a cation-interaction with a 2-5A adenine base (Fig. 3B) . Based on this observation, we anticipated that R792 interactions may be critical for RVA VP3 CTD 2=,5=-PDE activity. However, our FRET data demonstrated that this enzyme is still capable of substrate cleavage, albeit with delayed kinetics and diminished overall levels, when isoleucine or alanine is substituted for arginine (Fig. 6A) . Since 2-5A is degraded in minutes by cellular phosphodiesterases in cells and in serum (36) (37) (38) (39) , moderate changes in activity in vitro may translate to significant effects in the RNase L response in vivo. Based on the diminished activity of R792A and R792I mutants and the absolute conservation of the R-loop arginine, the cation-interaction contributes importantly to substrate stabilization for 2=,5=-PDEs ( Fig. 6A and 8) .
While the molecular interactions described above appear to stabilize the 2= P-AMP region of 2-5A, the absence of observed density for the 2= adenosine suggests a lack of specific interactions between the VP3 CTD and this region of the substrate. Density also is lacking for the ␤ and ␥ phosphates of the 5= adenosine of the 2-5A substrate, which likely were hydrolyzed during the prolonged crystallization process, leaving a bound p1A2 ligand. One would not necessarily expect to observe specific interactions between the VP3 CTD and the ␤ and ␥ phosphates since the enzyme cleaves 2=-5=-linked monophosphorylated adenosines in longer 2-5A substrates. The 2= phosphate moiety of the 2-5A substrate is critical to trigger the conformational changes of the R loop, which include the movements of R792, M793, and F794. Without the M793 moving away from the catalytic cleft, the oxygen atom of (Fig. 3) , colored by sequence-based amino acid conservation (Fig. 8) . The most and least highly conserved positions are shown in maroon and cyan, respectively, as indicated by the scale bar. The molecules are oriented as in Fig. 1A (A) and rotated 180°about the y axis (B). (C) View of the catalytic cleft. A 90% transparent surface reveals the underlying ribbon drawing and side chains of highly conserved amino acids, several of which are shown and labeled. Blue atoms, N; red atoms, O; orange atoms, P.
M793 would clash with the base of the 5= adenosine. Based on our observations, there is no specific recognition of the substrate's 2=-5= linkage. However, the triggering of R-loop movement by the 2= phosphate moiety of 2-5A described above may in part explain the preference for a 2=-5=-linked substrate. In addition, the conserved residues adjacent to those involved in catalysis and recognition of the 5= adenosine, including D695 and P697 (Fig. 9) , may aid in substrate recognition by providing steric boundaries in the binding cleft. The products of 2-5A hydrolysis by 2=,5=-PDEs are AMP and ATP (6, 7), which indicates that these enzymes cleave between the 2= C of an adenine base and the ␣ phosphate of a 2=-5=-linked AMP. The engagement of 2-5A via the 5= adenosine suggests that this is the moiety of 2-5A that is initially recognized by the PDE. While it is unknown whether 2=,5=-PDEs are processive or distributive enzymes, in either case the substrate must translocate in order for cleavage to occur at the correct position between the two adjacent adenosine moieties.
Structures of several 2H phosphoesterases have been determined, but only a few have been resolved with substrate. Besides the structures of AKAP7 with AMP and, now, the dimer of RVA VP3 CTD with 2-5A, only the catalytic domain of mouse 2=,3=-cyclic nucleotide 3=-PDE with 2=-O-(sulfidophosphinato)adenine (PDB 2YOZ) and the E. coli 2=,3=-cyclic PDE ThpR with AMP (PDB 4QAK) have been published (20, 40, 41) . Each of the 2=,3=-PDEs interacts with substrate through H⌽(S/T)⌽ histidine and threonine residues and a -stacking interaction between the adenine base and a phenylalanine three amino acids downstream from the first H⌽(S/T)⌽ threonine. These interactions orient the ligands distinctly from those of AKAP7 and the RVA VP3 CTD (Fig. 10) . While the residue located three amino acids downstream from the first H⌽(S/T)⌽ threonine tends to be aromatic for members of the archaeo-bacterial LigT family (group I) of 2H phosphoesterases (15), the equivalent position in 2=,5=-PDEs tends to be hydrophobic but not aromatic (Fig. 8) . 2-5A would be incapable of binding in the site for 2=,3=-PDE substrates due to strong steric clashes with the protein. These observations suggest a clear difference in substrate positioning between 2=,3=-PDEs and 2=,5=-PDEs. Differences in ligand binding among 2H-PDEs may be exploited in the future to design antivirals that specifically inhibit substrate recognition by 2=,5=-PDEs though the effects of such inhibitors on cellular 2=,5=-PDE function would need to be determined.
It is unclear why the RVG VP3 CTD fails to cleave 2-5A efficiently in comparison to the RVA and RVB VP3 CTDs (Fig. 6B) . RVB and RVG VP3 CTD sequences align similarly with the RVA VP3 CTD and conserve similar numbers of residues predicted to interact with substrate (Fig. 7A) . Likewise, their modeled structures show similar folds and identical differences in comparison to the RVA VP3 CTD structure (Fig. 7B to D) . N742, which is found in place of threonine in the second H⌽(S/T)⌽ motif, is the only highly conserved residue that differs obviously among 2H phosphoesterases that cleave 2-5A. Substitution of the corresponding threonine (T799) in the RVA VP3 CTD diminished activity. However, an N742A substitution failed to render the RVG VP3 CTD an effective 2=,5=-PDE (Fig. 6B) . Whereas RVA and RVB strains have been isolated primarily from mammalian hosts, RVG strains have been isolated only from birds (42) . Differences in host immune responses or virus pathobiology may place less selective pressure on RVG strains to retain an RNase L antagonist function. Alternatively, these viruses may encode another RNase L antagonist, or the RVG VP3 CTD may sequester 2-5A during rotavirus infection or cleave a different substrate.
Since the 2=,5=-PDE domain exists at the C terminus of VP3 in divergent rotavirus species, we propose that this structural and functional domain was acquired by an ancestral rotavirus and subsequently lost from some species. A potential explanation for the absence of a VP3 CTD from some rotavirus species is that they evolved additional mechanisms to target similar innate antiviral pathways. For example, RVC strains, which lack a VP3 CTD, encode an 8-kDa dsRNA-binding protein that inhibits PKR activation (43) . RVH viruses also encode a small protein with homology to dsRNA-binding proteins (44) . These proteins may prevent RNase L activation by sequestering dsRNA during rotavirus infection. It is currently unclear what mechanisms RVD and RVF may use to antagonize the OAS-RNase L pathway. Based on the variety of known evasion strategies and the apparent importance of the response for viral replication (3) (4) (5) , novel mechanisms of OAS/ RNase L antagonism for RNA viruses, including rotaviruses and coronaviruses, likely remain to be elucidated.
